Molecularly imprinted polymers (MIPs) are biomimetics which can selectively bind to analytes of interest. One of the most interesting areas where MIPs have shown the biggest potential is food analysis. MIPs have found use as sorbents in sample preparation attributed to the high selectivity and high loading capacity. MIPs have been intensively employed in classical solid-phase extraction and solid-phase microextraction. More recently, MIPs have been combined with magnetic bead extraction, which greatly simplifies sample handling procedures. Studies have consistently shown that MIPs can effectively minimise complex food matrix effects, and improve recoveries and detection limits. In addition to sample preparation, MIPs have also been viewed as promising alternatives to bio-receptors due to the inherent molecular recognition abilities and the high stability in harsh chemical and physical conditions. MIPs have been utilized as receptors in biosensing platforms such as electrochemical, optical and mass biosensors to detect various analytes in food. In this review, we will discuss the current state-of-the-art of MIP synthesis and applications in the context of food analysis. We will highlight the imprinting methods which are applicable for imprinting food templates, summarize the recent progress in using MIPs for preparing and analysing food samples, and discuss the current limitations in the commercialisation of MIPs technology. Finally, future perspectives will be given.
Introduction
Foodborne poisoning and food intoxications have become major public concerns worldwide (Caballero et al., 2003) . The residues of pesticides, veterinary and human drugs, microbial toxins, preservatives, as well as contaminants from food processing can cause apparent toxic effects and allergic reactions. Even at ultra-trace level, the contaminants can lead to cutaneous, respiratory, gastrointestinal or systemic response that may result in fatal anaphylactic shock. With the numerous reports on product recalls, food scares, and deliberate adulteration of food, stringent legislation has been continuously introduced, and testing of these contaminants is routinely performed.
In response to the demand for rapid, accurate and cost effective analytical methods to guarantee food safety, molecularly imprinted polymers (MIPs) as attractive materials have received immense attention. They can be tailor-made to bind template molecules with high selectivity . MIPs are synthesized by copolymerization of functional monomers and cross-linkers in the presence of template molecules. After removal of the template molecules, recognition cavities that are complementary in shape, size, and spatial arrangement to the template molecules are formed in the highly cross-linked polymer matrix.
Attributed to their unique features, MIPs have greatly advanced the field of food analysis (Song et al., 2014) . MIP technology has been extensively applied in the area of sample preparation. Due to the complex food matrices effects and the trace presence of targeted analytes, the performance of the analytical instruments is highly dependent on the sample preparation. However, this is often a neglected area in assay development. As such, there is a need for researchers to develop good sample preparation techniques to compliment analysis of food samples. MIPs have found use as sorbents in sample preparation (Turiel and Martin-Esteban, 2010) . Compared to conventional sorbents such as C18 silica gel, MIPs offer apparent advantages including higher loading capacities, higher efficiency for the retention of analytes and the improved selectivity during the retention process. Studies have consistently shown that the use of MIPs for food sample preparation could lead to improved recoveries and detection limits. Thus far, in majority of the examples, MIPs were employed in classical sample preparation techniques such as solid-phase extraction (SPE) and solid-phase microextraction (SPME) . Recently, the use of MIPs in combination with magnetic bead extraction has significantly simplified sample handling and pre-treatment procedures, and opens up the opportunities to integrate sample preparation with emerging analytical devices such as biosensing/microfluidic platforms .
Besides sample preparation, MIPs have also displayed great potential in area of biosensors (Uzun and Turner, 2016) . Biosensors allow the miniaturization of instrumentation while demonstrating sensitivity and selectivity comparable to traditional analytical techniques (Otles and Yalcin, 2012) . This is highly desirable in food monitoring as there is a demand for analytical methods which can be carried out at the point-of-need or anywhere else in the food processing chain. Biosensors rely on bio-receptors to recognize targeted analytes. Antibodies and enzymes have commonly been used as the receptors for biosensor platforms but they are inherently unstable due to the biological origins, which significantly limits the uptake of biosensors in the food sector. Recently, MIPs have been employed as biomimetic receptors in biosensing platforms. These MIPs provide a number of advantages over their biological counterparts, including high robustness and stability under a wide range of conditions, easy design of recognition sites for analytes that lack suitable bio-recognition elements, and low production cost. The advances in polymerization techniques have made it possible to directly fabricate MIPs on transducer surfaces, and the development of MIPs with multifunctional composites has enabled new mechanisms of signal transduction. Numerous MIP-based biosensors, such as electrochemical, quartz crystal microbalance (QCM), surface plasmon resonance (SPR), and optical biosensors, have been developed for diverse food relevant analytes ranging from small molecules to big proteins (Irshad et al., 2013) .
Although the MIP technology is very promising for use in food analysis, the commercial success is still very limited. So far, there are only few commercial examples of MIPs as sorbents for sample preparation, and no MIP-based biosensors have yet been seen on the market. The commercialization of MIPs has been hampered by several challenges such as incomplete template removal, inadequate selectivity, as well as difficulties in producing MIPs on a large scale. To further prompt applications of MIPs in the food sector, efficient means of preparing MIPs should be developed in order to generate MIPs with significantly improved properties.
In this review, we mainly summarize the recent progress in regards to the development of MIPs in the area of food analysis over the last 5 years. Firstly, the current imprinting methods which are applicable to food templates will be reviewed. We will then compare and contrast the two main applications of MIPs in food analysis, namely, as sorbents in sample preparation and as receptors in biosensors. The limitations in the commercialisation of MIPs technology will also be discussed. Finally, perspectives on the future research directions will be provided.
Molecular Imprinting Methods

Synthesis of MIPs
MIPs can be synthesized using a number of different techniques. The main type of imprinting is non-covalent imprinting which relies on forming interactions between the functional monomer and templates in a pre-polymerization mixture (Figure 1) . Strategies for non-covalent imprinting include bulk polymerization, precipitation polymerisation, mini emulsion polymerization, solid-phase imprinting, and core-shell imprinting (Song et al., 2014) . Selection of imprinting method will depend on the size and form of the desired MIP (i.e., thin films, nanoparticles etc.), the type of template and application of the MIP to be used. For example, in food sample preparation, MIPs are often synthesized using the bulk polymerization method before they are grafted onto a solid phase support; whereas in MIPbased biosensors, thin films are most commonly grafted onto the sensor surface. For both applications, MIPs with high surface area and a large number of binding sites are desirable while non-specific binding should be kept to a minimum.
Bulk polymerization is one of the simplest imprinting methods, and involves the formation of large size MIP monoliths which can then be ground down into smaller irregular shaped microsphere particles. Due to the simplicity of the procedures, bulk polymerization is the most commonly used method in the development of MIP sorbents for sample extraction.
However, the method can lead to high batch-to-batch variation and formation of particles with no binding sites (Chen et al., 2011; Ma et al., 2013) . In addition, the technique requires a large amount of template, suffers from template leakage and is difficult to process.
More recently, the focus has been on the development of MIP nanoparticles (nano-MIPs) for both food sample preparation and biosensors due to the higher surface area-to-volume ratio and well-defined sizes (Wackerlig and Lieberzeit, 2015) . Polymer chemists have used precipitation polymerization as a convenient method for imprinting of nanoparticles. It allows nanoparticles to be formed in reasonable yields, purity and with good control over particle sizes (Ye et al., 1999) . The technique relies on mixing the template with a diluted solution of monomers and cross-linker, resulting in a high dilution factor. Upon formation, the MIP slowly precipitates out of the solution. Precipitation polymerization has allowed for imprinting of biomolecules such as proteins in the presence of a small amount of surfactant, but the technique is limited to high abundance templates (Hoshino et al., 2008) .
Emulsion polymerization has proven to be a versatile method for preparing MIPs. The technique involves emulsifying the cross-linkers, template and functional monomers in an aqueous phase (Vaihinger et al., 2002) . Stabilizers are then added to the disperse phase, which helps to prevent diffusion across the continuous phase and result in small, stabilised, homogeneous sized emulsion droplets. The method allows for high yields of monodispersed nanoparticles, whereas the surfactant residues can interfere with the recognition of the analyte upon rebinding, leading to low binding capacity.
Solid-phase based polymerization is an effective strategy for imprinting small molecules, endotoxins and even whole viruses. In this method, the template is attached to a solid support, usually in the form of glass beads or silica gel (>1 µm diameter), and mixed with the monomers, cross-linker and initiator before polymerizing using chemical or photo initiation (Abdin et al., 2015; Altintas et al., 2015a Altintas et al., , 2015b . The technique offers some significant advantages over other methods for producing nano-MIPs (Canfarotta et al., 2016) . These include the facile removal of the template which facilitates the recycling of the template for subsequent reactions. Moreover, the resultant nano-MIPs are monoclonal in nature meaning that only 1 or 2 recognition sites are formed per nanoparticle. The method can also be used as an affinity column which facilitates the separation of high affinity MIPs from the low affinity and non-imprinted by-products. In addition, a wide range of linker chemistries can be used to attach the template to the support. For instance, MIPs for trypsin were synthesized by attaching the protein via affinity capture with its inhibitor, glass bead templated paminobenzamidine (Ambrosini et al., 2013) . This resulted in nano-MIPs, which were more uniform in terms of the orientation and size of the binding cavity. In a more recent paper, the same group demonstrated the use of a metal-chelates to bind His-tag containing proteins to glass beads . Solid-Phase imprinting does suffer from some disadvantages.
There are only a limited number of solid supports available with the technique being demonstrated on glass beads and silica gels. This is partly due to the large amount of beads required (>30 g). Moreover, in the solid-phase approach, low affinity MIPs are removed while high affinity MIPs are retained, which often results in a much lower yield.
Surface imprinting can be considered as a form of solid-phase imprinting which involves the formation of a layer of MIP round a solid medium such as nanoparticle or glass slide. There has been intense research activity focusing on core-shell imprinting, since it allows for better control of both the size and distribution of the MIP and the functionality of the nanoparticle.
The large surface area of the nanoparticles allows for fast MIP binding kinetics and increases the access of the analyte to the MIP. In addition, the aggregation of nanoparticles can be minimised through the addition of a shell layer or other surface modification (Gawande et al., 2015) . Moreover, the core of the imprinted nanoparticle can consist of any number of precursor nanoparticles such as iron oxide (magnetite), silicon oxide, quantum dots or polymers themselves, which could impose additional functions to MIP nanoparticles.
The first core-shell imprinting method was reported by Pérez-Moral et al., where a MIP was imprinted onto a polymer based core through surface initiated living radical polymerization (Pérez-Moral and Mayes, 2007) . Recently researchers used the grafting approach to produce magnetic core-shell MIP nanoparticles. Magnetic nanoparticles were synthesized using coprecipitation of iron chloride which resulted in magnetic core nanoparticles. This was followed by the formation of a SiO 2 shell layer via silanization using tetra ethyl orthosilicate (TEOS). The MIP layer was then grafted onto the core-shell to bind biotin (Uzuriaga-Sanchez et al., 2016) . There has been an increasing interest in using molecularly imprinted magnetic core-shell nanoparticles for effective sample extraction due to the facile removal of these nanoparticles from food matrices. Quantum dots have also been commonly used as the core for molecular imprinting which effectively turns them into fluorescence-based sensors . Other types of core nanoparticle used for imprinting include silver and gold nanoparticles. Silica based MIPs with a core comprised of silver nanoparticles were developed, which took advantage of the unique optical properties known as metal enhanced fluorescence exhibited by silver nanoparticles (Aguilar-García et al., 2016) . Gold nanoparticles can also act as the core for imprinting MIPs due to their unique UV absorbance properties (Yu et al., 2012) . Core-shell imprinted polymers which incorporate multiple functional materials have shown potential by combining the unique properties of multiple nanoparticle systems. In 2014, Han et al. developed hybrid Fe 3 O 4 -CdTe quantum dot coreshell imprinted nanoparticles which could recognise and bind to 4-nonylphenol (Han et al., 2014) . Hollow shell imprinting, where the core of the particle is removed after imprinting, has been of interest to the scientific community. A recent paper used a one pot sol-gel process to synthesise the SiO 2 core (C. Li et al., 2015a) . After immobilization of the template, surface imprinting and addition of a poly(N-isopropylacrylamide)-block-poly(2hydroxyethyl methacrylate) brush, the core was removed through etching with 10 % hydrofluoric acid (HF). Although the development of core-shell imprinting is a promising area, there are still improvements to be made such as minimising the degree of nanoparticle aggregation, and further enhancements in controlling the size and size distribution of the nanoparticles.
Methods for imprinting thin films have been the focus of a number of groups, and are highly desirable in biosensors such as electrochemical sensors where the surfaces can be fabricated using methods such as electro-polymerization. In situ electro-polymerization is a special form of surface imprinting onto the electrode (Suryanarayanan et al., 2010) . A significant advantage of this approach is that the technique allows the thickness of the polymer to be precisely controlled by various parameters such as current density and applied voltage, which gives rise to a more uniform coating of the MIP onto the electrode surface (Malitesta et al., 2012; Pardieu et al., 2009) . Moreover, the area of deposition of the polymer can also be well controlled. Non-conducting imprinted polymers can be integrated with an electrochemical transducer by in situ electro-polymerization of monomers in the presence of aniline or ethylenedioxythiophene. Alternatively, the imprinted polymers can be immobilised on the surface of the electrode by either spin coating or electrospraying. Other forms of imprinted polymer such as nanoparticles can be attached via mixing with gels, membranes, carbon electrode paste and ink casting .
Design of MIPs
The development of MIPs for new templates is often time consuming and requires a trial-anderror approach. There are several experimental parameters that need to be considered in terms of the type and concentration of monomers, cross-linker and template. The temperature at which the polymerization is carried out is also an important factor to consider when temperature responsive monomers or temperature sensitive templates are used. Several methods for designing MIPs have been reported, including chemometric, molecular modelling, combinatorial approaches and experimental methods (Curk et al., 2016) .
Chemometric based design approaches have been demonstrated on a number of different templates. It relies on statistical analysis which allows MIPs to be designed based on experimental data (Muzyka et al., 2014) .
Recently, molecular modelling has become an increasingly popular method for the rational design of MIPs through modelling of critical imprinting parameters (Nicholls et al., 2015) .
For example, a model combining Monte Carlo simulations and analytical calculations was proposed as a method for the rational design MIPs (Curk et al., 2015) . Virtual combinatorial screening of various monomers towards Benzo[α]pyrene in pre-polymerization mixtures was demonstrated using a semi empirical quantum method. The binding energy was computed using the Hartree Fock method resulting in the selection of methacrylic acid as the monomer and ethylene glycol dimethyacrylate as the cross-linker for imprinting (Khan et al., 2012) . Hawari et al. used 3D simulation to assess the binding of a series of monomers towards αpinene, a volatile compound given off upon ripening of mangos (Hawari et al., 2013) . The use of computational chemistry in the design of MIPs has shown promise in terms of facilitating the rapid development of MIPs with a reduction of the amount of reagents needed.
However, the effective modelling of larger macromolecules remains a challenge. One of the few examples of macromolecule MIP modelling was reported in 2011, when researchers used molecular docking as a strategy to simulate macromolecule-monomer interactions (Kryscio et al., 2011) .
The use of combinatorial libraries to rapidly screen MIP candidates for high affinity towards the template was first developed in 1998 using different triazine herbicides as the templates (Toshifumi Takeuchi et al., 1998) . In 2007 Koesdjojo et al. developed a semi-automated procedure for the synthesis and screening of MIPs using drug residues as the template (Koesdjojo et al., 2007) . Researchers in 2012, combined microfluidic technology with combinatorial chemistry to develop MIP microspheres for Chloramphenicol with good control over the size of the resultant microspheres (Liu and Lei, 2012) . These procedures allowed the researchers to quickly optimise monomer ratios and other critical parameters such as the porogen used. The procedure reduced the consumption of reagents and demonstrated the possibility of small scale high throughput polymerization. However to date there has only been a small number of publications on the development of combinatorial based approaches for MIP synthesis.
Experimental method is another approach for rational design of MIPs. Previous reports have shown that the design of MIPs for small molecules based on experimental analysis of pre-polymerization mixtures using techniques such as nuclear magnetic resonance (NMR) (Salvador et al., 2007) . A recent article demonstrated the use of differential scanning fluorimetry in the development of MIP-NPs for the milk protein allergen β-lactoglobulin (Ashley et al., 2016) . The method relies on the use of a hydrophobic dye and real time PCR thermocycler to determine the optimum conditions for imprinting, characterise the formation of the MIP-NPs and potentially allow for the binding between the MIP and protein to be assessed.
Applications of MIPs in food sample preparation
Sample preparation is one of the major bottlenecks of the analytical process in food analysis because of the complex food matrices effects and the low concentration of target analytes.
Efforts have recently been made towards developing more selective sample extraction methods. MIPs have been extensively suggested and used as sorbents for sample preparation.
The main advantage of MIPs is that they can concentrate the analyte and selectively extract the target compound from bulk samples. They can avoid the problem of non-specific affinity associated with conventional sorbents such as C18-bonded silica gel, thereby allowing for more sensitive and selective quantification. Moreover, MIPs are also advantageous in terms of high sample load capacity, appropriate resistance to high temperature and pressure (high stability), desirable physical robustness, inertness to organic solvents as well as acids and bases, ease of preparation and low cost (Carro-Diaz and Lorenzo-Ferreira, 2010; He et al., 2007; Lasáková and Jandera, 2009 ). MIPs have mainly been employed in classical sample preparation methods such as SPE and SPME. More recently, the development of magnetic MIP nanoparticles has allowed MIPs to be combined with magnetic bead extraction, which greatly simplifies sample handling procedures.
MIP-based SPE
MIP-based SPE is the most popular method for preparing food samples because it is convenient, fast, consume less solvent and enable selective cleanup of the analytes. In a typical MIP-SPE, imprinted bulk polymer is packed in a cartridge, column, or extraction well plates (for high throughput analysis). Recently, alternative forms of MIPs such as thin films and nanoparticles are also used as sorbents in SPE.
Two different approaches have been considered for extraction of analytes by MIPs, namely "normal phase" mode used for processing food samples dissolved in low polarity solvent and "reverse phase" mode for aqueous food samples. In "normal phase" mode, the adsorption of the analytes onto an MIP sorbent is via shape-specific interactions of the analytes with the polymer matrix. The analyte is selectively retained on the extraction column while interfering molecules can freely pass through the column. Increasing the mobile phase strength will result in the elution of the analyte. In contrast, in the "reverse phase" mode, analytes in aqueous samples are adsorbed onto the MIP through hydrophobic interactions. Subsequent washing with solvent can remove interfering compounds leaving the analyte. The elution of the analyte can occur when the column is washed with appropriate solvent. The solvent used for washing should be able to minimize non-specific binding while having no disruptive effect on the selective interactions between the target molecules in food samples and the MIP (Andrade-Eiroa et al., 2015; Anene et al., 2016; Atlabachew et al., 2016) . Clean-up using washing solvents can be skipped in special cases where the elution step is highly selective to the analyte and does not elute other reagents non-specifically bound to the MIP. This is recommended especially for aqueous samples where the clean-up step by non-polar solvent may give rise to miscibility issues (Lasáková and Jandera, 2009 ).
There are several reports in the literature showing the application of MIP-SPE in extracting antibiotics, pesticides, and mycotoxins from food samples (Baggiani et al., 2007; Cacho et al., 2003; Chauhan et al., 2016; Chen et al., 2009; Muzyka et al., 2014b; Khan et al., 2016; Molinelli et al., 2002) . By enhancing selectivity, MIP-SPE has been demonstrated to be superior compared to traditional SPEs. For example, the detection of fluoroquinolones in baby food was successfully achieved (limit of detection (LOD) of 0.03 to 0.11 µg. g -1 ) after loading the samples onto bulk imprinted polymer (Díaz-Alvarez et al., 2009 ). Besides MIPs made by bulk polymerization, nano-based core-shell type molecularly imprinted sorbents were also utilized for food analysis. For example, Wang et al. (Xiaoyan Wang et al., 2014) were able to extract estradiol from milk samples using core-shell molecularly imprinted hollow spheres.
Previously, it was difficult for SPE to analyze several analytes at the same time (Lejeune and Spivak, 2009; Schweitz et al., 2002) . Zhang et al. overcame the challenge of multi-analyte analysis in SPE by developing novel multiple-template MIPs (MT-MIP) .
The MT-MIP was synthesized by dispersion polymerization, using ofloxacin and 17βestradiol as templates and modified monodispersed poly(glycidylmethacrylate-co-ethylene dimethacrylate) (P GMA/EDMA ) beads as the support material. The MT-MIP could simultaneously extract trace quinolones and estrogens in milk samples with the recoveries in the range of 77.6-98.0%.
MIP-based SPME
SPME is a sample preparation method which uses a syringe with a needle containing stainless steel microtubing and fused-silica fiber tips coated with an organic polymer (Arthur and Pawliszyn, 1990) . This coated silica fiber is capable of moving forwards and backwards with the syringe plunger. The unique design of SPME provides advantages such as reduced time for sample preparation, non-usage of organic solvents, low cost, and ease of automation (Vas and Vékey, 2004; Zhang et al., 2013) . However, the main drawback associated with SPME is the lack of selectivity, the same as traditional SPE.
By coating the fiber tips with MIPs, SPME has demonstrated superior sensitivity and selectivity. For example, MIP-coated stainless-steel fibers were developed to extract a Sudan (I-IV) carcinogen dyes in hot poultry and chili powder samples. The sensitivity of the method was very high, being able to achieve LODs of 2.5-4.6 ng/g for Sudan I-IV dyes (Hu et al., 2012) .
One of the most interesting ideas recently appeared is the combination of MIP and sol-gel technologies to produce water-compatible MIP based extraction systems (C. Li et al., 2015b; Wang et al., 2013) . For example, Wang et al. reported sol-gel coating of MIP while using polyethylene glycol as functional monomer and diazinon as template . The authors were able to show selective detection of diazinon and its analogs in cabbage, eggplant, green pepper, cucumber, and lettuce samples. In addition to outstanding chemical and thermal stability, the extraction capability was higher than commercial fibers and nonimprinted polymer due to selective adsorption and the highly porous surface.
Temperature sensitive MIPs coupled to SPME has recently been demonstrated by Zhao et al. . They were able to successfully extract ofloxacin (OFL) from milk and analyse it using HPLC coupled to MIP coated SPME. In addition to temperature sensitive MIPs, new molecularly imprinted SPME fibers with the ability to renew their selective binding sites through the gradual thermal decomposition of the polymeric network were reported . In the desorption step, the polymeric network can degrade from the surface to the core in the presence of volatile compounds that do not cause any interference with the analyte. High precision and accuracy were observed for the successful extraction of triazole fungicides, such as triadimenol, tebuconazole, and metconazole from grape juice samples using this renewable MIP fiber (Pozo-Bayón et al., 2001; Sabik et al., 2012) .
In addition to the above-mentioned examples, some of the most interesting work in MIPbased SPE and SPME is summarized in Table 1 .
Magnetic MIP nanoparticle-based extraction
Recently, another sample preparation method based on magnetic MIP nanoparticles has received considerable attention. The magnetic MIPs typically consist of a magnetic core and a MIP layer at the shell, thus they possess both magnetically susceptible characteristics and good selectivity for the target molecules (Figure 2 ). In the separation procedure, the magnetic MIP sorbents can be dispersed directly in food samples to extract analytes. The nanoparticles together with captured analytes are then recovered from the solution with the aid of a magnet.
The combination of magnetic nanoparticles with MIP technology has proven to be a powerful method for sample pre-treatment and enrichment attributed to the effective analyte-sorbent interaction and facile separation from the sample matrices .
Magnetic MIP nanoparticle-based extraction has been increasingly used for concentrating food contaminants such as pesticides, herbicides, endocrine disrupting chemicals, antibiotics, and growth hormones in complex sample matrices that include milk, fruit juices, honey, egg and meat products Li, 2012b, Kwasniewska et al., 2015) . The sample recoveries shown by magnetic MIPs were between 75% and 95% on average for various contaminants.
Chen et al. revealed that magnetic MIP nanoparticle-based extraction was superior over the MIP-SPME and MIP-SPE methods (Chen et al., 2009) . They compared the performance of the three methods for separation of tetracycline and oxytetracycline antibiotics from egg and tissue samples. The magnetic MIP method showed better analytical results with a detection limit of 0.06-0.19 ng g -1 and a recovery rate of 72.8-96.5%, while the recovery rates for MIP-SPME and MIP-SPE were 71.6-93.7% and 66-69%, respectively. In addition, the sample preparation time used in the magnetic MIP method was much shorter since the extraction and clean-up were easily done by separating the magnetic polymers from the sample matrix.
A recent paper demonstrated the use of magnetic MIP nanoparticles to extract 1,7-dioxaspiro- Novel magnetic hollow nanoparticles, where the core of the nanoparticle undergoes etching, have been used for highly selective recognition and fast enrichment of triazines in food samples . The magnetic hollow MIPs were prepared using multi-step swelling polymerization, followed by in situ growth of magnetic nanoparticles on the surface of hollow MIPs. They were applied to extract atrazine, simazine, propazine, and terbuthylazine in corn, wheat, and soybean samples. Satisfactory recoveries in the range of 80.62-101.69% were obtained.
Magnetic MIP nanoparticle-based extraction technique surpasses most of the classical sample preparation procedures with simpler operation and higher adsorption capacity. The technique significantly simplifies the sample handling and pre-treatment protocols. Up to date, sample preparation is widely recognized as the critical roadblock in realizing online or at-site food contaminant analysis. Emerging microfluidic technology that enables the integration of sample preparation and biosensing in one portable system could offer a promising solution.
Magnetic beads have been explored for on-chip sample preparation (Bunyakul and Baeumner, 2015) . 
MIP-based biosensors in food analysis
Besides being used as adsorbents for sample preparation, more recently, MIPs have been increasingly applied in sensing technology. Over the past few decades, the food industry is actively seeking novel sensing platforms that can be employed at point of use. The development of biosensors has improved the overall capabilities to detect chemical and biological molecules. However, applications of biosensors in the real world are greatly hindered by the limited operational and storage stability of the bio-receptors. With the inherent molecular recognition abilities and high stability in harsh chemical and physical conditions, MIPs have been recognized as a promising alternative to bio-receptors.
The advances in MIP synthesis technologies have greatly propelled the development of MIPbased biosensors. New polymerization methods have allowed the MIP materials to be immobilized on transducer surfaces, and novel multi-functional MIP nanoparticles have also contributed to transform the binding events into measurable signals. Examples of MIP-based biosensors include electrochemical, QCM, SPR and optical sensors (Cieplak and Kutner et al., 2016) . They have shown great potential in the area of food and environmental monitoring, as they are cost-effective, fast and potentially portable. A schematic diagram of MIP based biosensors is shown in Figure 3 and some recent examples of MIPs used as selective recognition elements in a broad range of transducer types are summarised in Table 2 .
Electrochemical sensors
MIP electrochemical sensors based on voltammetry/amperometric, conductivity and potentiometric transduction modes have been reported in the literature (Suryanarayanan et al., 2010) . Many MIP electrochemical sensors incorporate conducting monomers into the MIP to allow for signal transduction (Malitesta et al., 2012) in different food samples with a sensitivity of as low as 1 nmol L -1 (Anirudhan and Alexander, 2015) . MIP based amperometric electrochemical sensors have shown promise in food analysis with several publications in the literature (Zhao et al., 2013; Farre and Barcelo, 2007) . They rely on the relationship between the analyte concentration and the current density at a constant potential. A recent paper demonstrated the use of an electrochemical biosensor for the detection of sulfadimethoxine in milk samples using amperometric analysis (Turco et al., 2015) . The MIP was deposited on the gold electrode via galvanostatic deposition of pyrrole in the presence of the template. The sensor achieved a detection limit of 70 µmol L -1 .
MIP-based voltammetric biosensors measure the current density produced from potential sweep. The potential sweep can be produced by either linear sweep voltammetry (LSV), cyclic voltammetry (CV), differential pulse voltammetry (DPW) and square wave voltammetry (SWV) modes. In 2015 Deng et al developed a highly sensitive and selective MIP electrochemical sensor using square wave voltammetry to detect melamine in milk samples (Deng et al., 2015) . The MIP was fabricated by electro polymerisation onto a glassy carbon electrode and could detect melamine with a detection limit of 1.4 nmol L -1 .
Although impedance is not strictly counted as an electrochemical technique, the fundamental basis for the technique is similar to other electrochemical methods. A recent example of an impedance based biosensor was developed by Yang et al. in which a hybrid of MIP carbon nanotubes and graphene was fabricated on a glassy carbon tube. It was capable of measuring rutin in buck wheat tea and orange juice samples with a detection limit of 5 nmol L -1 .
Piezoelectric biosensors
MIPs have also been utilized in quartz crystal microbalance (QCM) biosensors which are based on the piezoelectric effect. This type of biosensors is most suitable for large analytes since they can induce big mass difference and consequently a large signal change upon binding. QCM uses a thin disc of quartz, which is cut at a specific crystal plane and inserted between a pair of gold electrodes as the transducer. QCM sensor can exhibit superior sensitivity down to the picomolar range. QCM provides a flexible technique to determine protein analyte concentration by measuring variations of the mass and physicochemical properties of the polymer sensing surface (Harz et al., 2011) . Eren et al. developed a MIP-QCM biosensor for the detection of lovastatin in red yeast rice, and detection limit of 30 pM after extraction using Trichloroacetic acid was achieved (Eren et al., 2015) . The sensor was fabricated by attaching a polymerizable self-assembly monolayer (SAM) to the gold surface via a thiol bond and imprinting lovastatin using free radical polymerization. In 2014, Dai et al. developed a MIP based QCM biosensor for the detection of histamine in tuna food samples, which obtained a LOD of 7.49 x 10 -4 mg kg -1 (Dai et al., 2014) . The sensor was fabricated by molecularly imprinting histamine using TEOS and 3mercaptopropyltriethoxysilane, and the subsequent MIP was immobilised onto the gold surface using PVC in dichloromethane. The sensor displayed excellent sensitivity compared to HPLC for spiked fish samples after homogenization and extraction in h-hexane. MIP based QCM sensors also provide the possibility for high-throughput analysis as demonstrated by researchers in 2010. They developed a QCM array for the detection of six different herbs using polystyrene based MIP membranes which were fabricated by spin coating layers onto the surface (Iqbal et al., 2010) .
One of the main challenges to develop MIP-based QCM biosensors is the complexity in fabricating the sensor surface. Chemistries used to attach the MIP or form it on the surface of the sensor must be compatible with gold or the self-assembly monolayer. As this technique cannot distinguish between specific and non-specific interactions (i.e. the interaction of the analytes with the sensor surface rather than the MIP), there is a need to both reduce nonspecific interactions and incorporate the non-imprinted polymer as a reference channel.
SPR biosensors
SPR is also considered as a mass sensitive technique. MIPs have proven to be effective receptors in SPR sensors. Methods to fabricate these types of biosensors include surface initiated atom radical polymerization (ATRP), amine coupling of MIP nanoparticles, photopolymerization of films using water compatible cross-linker and monomers, and amine coupling of MIP-NPs (Altintas et al., 2016; Jing et al., 2016; N. Zhao et al., 2012) .
A number of MIP-based SPR biosensors for detection of food analytes have been reported in the literature (Lautner et al., 2011; Matsui et al., 2009 ). Yao et al. reported the use of a MIP based SPR sensor for the detection of pesticide residues (Yao et al., 2013) . By combining SPR detection with MIP functionalised iron oxide nanoparticles, the magnetic iron oxide nanoparticles could serve a dual role of extracting the analyte from the sample while also acting to amplify the SPR signal. This increase in signal gave rise to a detection limit of 0.76 nM. The same group went on to develop novel nano-hybrid MIP based biosensor for the detection of ractopamine which incorporated both gold nanoparticles and reduced graphene oxide (Yao et al., 2016) . The sensor was capable of measuring ractopamine down to 5 ng/ ml.
Optical Biosensors
Optical based biosensors are particularly desirable in food analysis due to their high sensitivity (Narsaiah et al., 2012) . Colorimetric biosensors are the simplest type of optical sensors which offer label-free detection based on changes in colour. Colorimetric detection was combined with MIP technology in 2012 to detect the food additive vanillin (Peng et al., 2012) . A change in the colour was induced when the photonic hydrogels bound to the analyte.
MIP based fluorescence sensors are also known for their rapid and sensitive measurements in solution. Composite nanomaterials which combine quantum dot labels and MIPs as the recognition layer have been developed for an array of food contaminants such as polycyclic aromatic hydrocarbons, proteins, and penicillin in food samples (Benito-Peña et al., 2006; Ge et al., 2013; Lin et al., 2004) . In 2012, Zhao et al. developed multi-functional QD-MIP nanospheres for the detection of pesticides in aqueous solutions (Y. . Upon recognition and binding of the analytes, there was a marked increase in fluorescence quenching which allowed for the quantitative measurement of diazinon concentration down to 36 ng ml -1 .
The development of surface enhanced Raman spectroscopy (SERS) biosensors has generated huge interest in the research community due to their high sensitivity and ability to perform multiplex detection (Bantz et al., 2011; Rodriguez-Lorenzo et al., 2012) . In food analysis, several papers have described the use of these types of sensors with MIP receptors (Feng et al., 2017; Feng and Lu, 2015) . In 2013, bisphenol A molecularly imprinted gold nanoparticles were made as the substrate for a SERS biosensor which was capable of detecting bisphenol A in beverages with a detection limit of 0.12 mg L −1 (Xue et al., 2013) .
Recent applications of SERS biosensors with MIP receptor include the detection of melamine in milk, Sudan 1 in paprika and histamine in tuna samples (Gao et al., 2015a (Gao et al., , 2015b Hu and Lu, 2016) .
Challenges of MIPs in food analysis
Despite the rapidly expanding literature on the use of MIPs in food analysis, the commercial exploitation of MIPs is still in its infancy. There are very few commercial products which use operation, and more critical in elution steps (Baggiani et al., 2007; He et al., 2007) . The presence of non-selective binding sites in MIPs may lead to the co-extraction of undesired matrix components, which could severely interfere with the quantification of molecule of interest in complex matrices. Problems with non-specific adsorption to polymer surface are often encountered for many hydrophobic MIPs. If the majority of binding events occur through adsorption to the polymer surface, the selectivity associated with the imprinted sites may remain obscured.
For MIP-based biosensors, the lack of commercial products is partly due to the unmet selectivity and binding affinity required for an effective biosensor. Limited by template quality and synthetic conditions, it is generally difficult for MIPs to achieve selectivity comparable to natural bio-receptors. Another challenge lies in the complexity in fabricating MIPs on sensor surfaces. This is especially true when multiple channels are involved such as in SPR, QCM based sensors which require both reference channels and analyte channels.
Although a number of methods are available for construction of MIP-based biosensors, transferring these methods from research laboratories to industrial scale production remains a significant challenge.
Conclusions and future perspectives
In this review, preparation methods for MIPs and their applications for sample preparation and biosensing in food analysis has been comprehensively summarized. There is no doubt that the use of MIPs in food analysis will grow at an even faster pace. The future research may focus on the following areas. the advantage of the fact that MIPs are fully compatible with lab-on-a-chip and nanotechnology, it is possible to use MIPs for both sample preparation and detection on the same microfluidic platform. Such an integrated device can allow for on-site and fast detection, which would be a big breakthrough in food analysis. 
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